Introduction {#sec0005}
============

Mammalian brain has a high oxidative metabolic rate with a low level of antioxidant and neuroprotective enzyme activity. The presence of copious readily oxidizable membrane polyunsaturated fatty acids (PUFAs) and endogenous production of reactive oxygen species (ROS) makes the central nervous system (CNS) vulnerable to oxidative stress damage ([@bib0600]). These PFAs and ROS are mediators of several chronic and acute neurodegenerative diseases. Chronic CNS disorders which are related to oxidative stress include dopaminergic motor neuron disease in the brain substantia nigra leading to Parkinson's disease (PD); dementia-related disorders that include issues such as language problem, disorientation, depression, lack of motivation, behavioral issues in Alzheimer's disease (AD); hereditary mutation of the huntingtin (Htt) gene that causes changes in mood and mental abilities in Huntington's disease (HD); chronic CNS inflammatory disease, multiple sclerosis (MS); and inherited non-cell-autonomous disease called amyotrophic lateral sclerosis (ALS), and also in acute CNS disorders such as stroke, spinal cord injury, and traumatic brain injury (TBI).

Loss of blood supply in the brain due to hemorrhage or blood vessel occlusion is known as stroke. Subsequent neuronal cell death in the vascular territory of the stroke is caused by the energy depletion due to occlusion of the residual arteries. The severity of cellular death causes long-term disability, leading to ischemic stroke being ranked as the third most frequent case of death following heart disease and cancer at the 1^st^ and 2^nd^, respectively ([@bib0345]; [@bib0370]). However, the pathophysiology of ischemic stroke is less understood and demands more attention to reduce infarct progression over time. In the acute phase, along with decreased cerebral blood flow, the disrupted cellular ionic homeostasis causes increased intracellular calcium concentrations and stimulation of glutamate release leading to excitotoxicity with inflammation and edema in the ischemic brain ([@bib0030]; [@bib0055]; [@bib0180]). Again, ROS produced by the oxidative stress triggered by ischemic condition can destroy membranes, mitochondria, and DNA, which is also a leading cause of cellular death.

Superoxide generation by the immune cells and their consequences have been suggested to play a key role in the progression of neurodegenerative disorders. The soluble superoxide can combine with other ROS to induce different neurological disease conditions and form toxic particles in the diseased environment. In this review, among several other ROS, we will discuss the superoxide produced by the activation of NADPH oxidase (NOX) and its inhibitors in both acute and chronic CNS disorders ([@bib0110]). NOX has been reported to produce ROS more than any other known ROS-producing enzyme including lipoxygenase, cyclooxygenases (COX), xanthine oxidase, cytochrome P450, and substrate-coupled nitric oxide synthetase ([@bib0105]). Thus, many researchers studying CNS disorders and cell death have paid great attention to the research of the production of ROS by NOX and its mechanism in cell death in the recent years. The new discovery of the diverse NOX homologs have helped researchers in the study of the NOX enzyme and allowed them to investigate more targeted therapeutic approaches. However, to date, there are few therapeutic approaches to treat the NOX-induced ROS-related CNS disorders. This review will discuss NOX and its inhibitors in relation to CNS diseases and the therapeutic potential in detail ([Table 1](#tbl0005){ref-type="table"}).Table 1List of NOX inhibitors and their role on inhibition.Table 1Pharmacological compoundsMode of inhibitionDisease ExperimentedReferences***Diphenyleneiodonium (DPI)***Flavoprotein inhibitionStroke. Spinal Cord Injury (SCI)[@bib0465], [@bib0790]Alzheimer's Disease (AD) Parkinson's Disease (PD)[@bib0255]; [@bib0320]; [@bib0555][@bib0725]Blocks NOXStroke. SCI[@bib0275]***Apocynin***Blocks p47^phox^ to migration.AD, PD[@bib0330]Act as antioxidant and anti-inflammatory.ALS[@bib0680]; [@bib0430][@bib0210],[@bib0545][@bib0690]***Honokiol and Plumbagin***Increases cytosolic p47phoxStroke. SCI[@bib0120]AD, PD[@bib0415]Decreases membrane p22phox[@bib0620]Blocks the interaction of p47phox to NOX2Stroke. SCI, Traumatic brain injury (TBI)[@bib0350],[@bib0355]***Nox2ds-tat***AD, PD[@bib0320]; [@bib0140],[@bib0250]; [@bib0040]; [@bib0490]***Serine protease inhibitors AEBSF***Effect directly on the plasma membrane NOX componentsAD[@bib0130]Asthma[@bib0220]Interrupts cytosolic p47^phox^ and p67^phox^ binding***Phenylarsine oxide (PAO)***Interacts with the vicinal cysteine residues and inhibits NOX2 buildingPaw edema[@bib0185], [@bib0580],AD[@bib0595]***Gliotoxin (GT)***Blocks p47^phox^ phosphorylation[@bib0155]Blocks cytoskeleton fusion[@bib0695]Inhibits of the p67^phox^, p47^phox^, and p40^phox^ translocation***Ebselen***Block the p47^phox^ and p67^phox^ translocation to the plasma membrane[@bib0615][@bib0265]; [@bib0335]; [@bib0300]***VAS2870***Inhibit phorbol-12-myristate 13-acetate-dependent NOX stimulationBupivacaine-induced spinal neurotoxicity[@bib0685](interfere downstream assembly process but not the p47^phox^)[@bib0480]***HMGCoA reductase inhibitors***Inhibit NOX indirectlyStroke[@bib0065]AD, PD[@bib0215][@bib0485][@bib0425]

ROS and NOX in the CNS {#sec0010}
======================

ROS play a critical role in normal cellular function in both the developing and adult brain. Oxygen, a provider of chemical energy, is also responsible for the formation of ROS through cellular metabolic activity. ROS can be produced from the both endogenous and exogenous sources. Endogenously, can be produced in cellular organelles such as the mitochondria (mostly in complex I and III), endoplasmic reticulum, and peroxisome. Enzymes that regulate the non-mitochondrial ROS production include NADPH oxidase, lipoxygenase, COX, xanthine oxidase, cytochrome P450, and nitric oxide synthetase ([@bib0025]). In the normal physiological condition, ROS is a by product of the metabolic system and cellular antioxidant system can defy ROS's deteriorative effect and prevent the cellular death. In conditions of oxidative stress, ROS overproduction becomes injurious, contributing to various acute diseases such as ischemic stroke and myocardial infarction and chronic diseases related to the cardiovascular system such as hypertension, atherosclerosis, and neurodegeneration (e.g., AD, PD).

Among the sources of the cellular ROS production the mitochondrial system and the NOX system are the major contributor. Mitochondria use about 1--2% of the daily total cellular oxygen consumption during cellular respiration to produce superoxide anion radicals in the normal physiological condition in most tissues ([@bib0100]). Mitochondrial ROS has two sources which are, the mitochondrial respiratory chain and the mitochondrial outer membrane flavoprotien named as monoamine oxidase (MAO). The mitochondrial respiratory chain has 5 complexes in the inner mitochondrial membrane (IMM), complex I--V ([@bib0325]; [@bib0565]). These membrane complexes show thermodynamic properties which reduce the O~2~ to O~2~^•−^, these disproportionating O~2~^•−^ are the main source of the H~2~O~2~. Usually, Complex I is stimulated by the succinate, a substrate of the Complex II, produce O~2~^•−^ in the mitochondrial matrix, and Complex III in both side of the IMM ([@bib0475]). MAO is mostly produces the highly permeable H~2~O~2,~ and due to its highly permeable property it can contribute to the both cytosol and mitochondrial matrix. Due to the absence of the histone wrapping (as in the nuclear DNA) and closer proximity the ROS production site, mitochondrial DNA (mtDNA) is a sensitive target for the oxygen radical attack ([@bib0100]).

NOX, one of the most important enzymes that utilizes molecular oxygen as a substrate, regulates ROS production in CNS disease when it is activated. To date, seven NOX paralogues have been reported by different research groups comprising NOX 1--5, and dual oxidase 1/2 (Duox1/2) ([@bib0190]). In the CNS, among the different cell types neurons, microglia, and intracranial vessels express few of the NOX paralogues, most prominently NOX2, NOX3, and NOX4 ([@bib0105]). Among the NOX family, NOX1 and NOX2 are particularly highly expressed in microglia and NOX3 is least studied and found expressed in the inner ear but not in blood vessels ([@bib0015]; [@bib0285]). NOX4 is less expressed in neurons and astrocytes but is highly expressed in the kidneys and vascular smooth muscle cells. NOX5 is mostly expressed in the spleen and fetal tissues and has been found to be the least functional isoform of NOX in gene deletion experiments in rodent ([@bib0070]). Duox1/2 were first found in the thyroid but then later in the immune system, gut, and lung. However, they are also found in the human neuroblastoma cell line (MO3-13) and rat brain.

In the mammalian nervous system, NOX paralogues are widely distributed throughout the cortex, hippocampus, and cerebellum. Recent studies have revealed that the NOX enzyme complex comprises four independent cytosolic subunits, p40^phox^, p47^phox^, p67^phox^, and Rac, and the membrane-bound p91^phox^ and p22^phox^ subunits ([@bib0495]). The activation of the enzyme depends on the proper interaction of the enzyme complexes where the cytoplasmic p47^phox^ subunit acts as the major contributor by activating, binding, and docking the other cytoplasmic subunits to p22^phox^ ([@bib0230]; [@bib0235]). The phosphorylation of the p47^phox^ subunit is very important prior to the activation of the NOX enzyme and diverse upstream serine kinases, such as p21 and p38-activated kinases (PAK), PKB/AKT, mitogen-activated kinase (MAPK), cAMP-dependent kinases, and protein kinase C (PKC) isoforms (α, β, *δ*, ζ), are known to activate p47^phox^ ([@bib0235]). Among these enzymes, the PKC isoforms are most responsible for the phosphorylation of p47^phox^. Upon phosphorylation and binding of p47^phox^ to p91^phox^, electron transfer from FAD to heme occurs through redox coupling to generate superoxide ([@bib0675]). However, the p67^phox^ activator subunit is needed for electron transfer from NADPH to FAD. The hydrogen peroxide form within phagosomes is also reactive in nature. In the vascular system, the endothelial, adventitial, and vascular smooth muscle cells (VSMC) are the main source of ROS, primarily produced by NOX by catalyzing formation of the superoxide anion (O~2~^•−^) in the reaction: 2O~2~ + NADPH → 2 O~2~^•−^+ NADP + H^+^ where one electron reduces the oxygen ([@bib0380]). The mechanism of cellular death by superoxide remains poorly understood, but may act via modulation of the functional properties of critical metabolic processes allowing nonselective generation of oxidants such as the hydroxyl radical. However, the dramatic attenuation of virulence in SOD gene deletion studies in bacteria showed that superoxide may directly kill the bacteria. The inflammatory transcription factor, nuclear factor kappa B (NFκB) can regulate the expression of NOX and can also induce gp91^phox^ expression when stimulated by lipopolysaccharide (LPS) ([@bib0030]). In the non-phagocytic cells AGE-RAGE \[advanced glycation end-product (AGE), receptor of AGE\] signaling is related with the controlled production of ROS via NOX activation ([@bib0340]; [@bib0775]). RAGE signaling also suggested to be involved in the ROS production via mitochondrial respiratory chain in AGE treated endothelial cells ([@bib0060]).

Studies suggested that mitochondrial ROS and NOX-ROS are related to each other and one may increase the production of another and vice versa ([@bib0170]). Both mitochondrial and NOX-ROS system are physically related with the endoplasmic system and in the normal physiological condition they are very site specific, and exerts their normal physiological function and on signaling ([@bib0590]). The interaction between the NOX and mitochondrial ROS system constitutes a feed-forward cycle by NOX-derived O~2~^•−^ in which NOX-ROS promote the production of Mitochondrial ROS followed by additional NOX activation and O~2~^•−^ production ([@bib0085]). Emerging evidence suggested that the ROS produced by the mitochondria were considered to be unwanted by product of oxidative metabolism in contrast to the amount of the ROS produced by the NOX system ([@bib0160]). Maintenance of the mitochondrial ROS found to be beneficiary in the cognitive impairment ([@bib0225]) and also preservation of the high locomotor and exploratory activity, and less anxiety in animals ([@bib0260]; [@bib0630]). On the other hand, higher NOX activity, and ROS production were evident in the AD and PD patients where the neuron and microglial cells might responsible for the over ROS production and neurological damages ([@bib0060]; [@bib0525]). Antioxidant treatment targeted the mitochondrial and NOX-derived ROS production found to be beneficiary in the oxidative damage induced cognitive and locomotive impairment ([@bib0260]; [@bib0750]). However, further studies targeting mitochondrial and NOX-derived ROS production in CNS disorder are warranted.

Function of NOX in acute and chronic CNS disorders {#sec0015}
==================================================

The presence of NOX isoforms in brain cells and its vasculature make it a potential therapeutic target in both acute and chronic brain diseases. NOX enzymes are not only responsible for disease conditions, but are also involved in essential events in stem cell biology, CNS development, and mature neurons, warranting related therapeutic research in CNS disorders. The superoxide produced by NOX in NMDA excitotoxicity is a popular concept when considering CNS disease progression. Recently, many studies have reported the involvement of ROS produced by NOX in acute and chronic disorders.

Ischemic stroke is one of the most critical CNS disorders and is the 3^rd^ leading cause for human death in the world. Stroke is typically divided into two types, hemorrhagic and ischemic. Again the ischemic stroke can be divided into thrombotic or embolic; ROS production and ROS-mediated cellular damage is observed in all types of ischemia. Sudden loss of blood flow in the affected region causes damage to the mitochondria that cannot be reversed even after reperfusion ([@bib0035]; [@bib0360]). The rapidly induced hyperglycemic state in the reperfusion period causes NADPH overproduction through a hexose monophosphate shunt, which causes NOX activation and increases the production of ROS. The role of the ROS following reperfusion is depended on the concentration of the ROS produced. When the ROS production is less it contribute to the normal cellular physiological fictions ([@bib0315]). On the other hand, the over production of ROS produces oxidative stress which causes lipid peroxidation, compromised membrane integrity, and organelle damage, which eventually accelerates cell damage ([@bib0470]). Moreover, following ischemia, the cerebral parenchyma is overwhelmed with endogenous microglial activation and infiltration of peripheral leukocytes. The activated and infiltrating immune cells can produce superoxide with the help of a list of enzymes, of which NOX plays the major role. However, mechanism of NOX phosphorylation in ischemia is not well established yet. However, the phosphorylation of the p47^phox^ subunit, including several protein kinase C isoforms, p38, p2, and phagocytic NOX2 are thought to be associated with this phenomenon ([@bib0375]). On the other hand, it is well known that in the inflammatory conditions the ROS is produced by the infiltrating immune cells via increased expression of pro-inflammatory cytokines, such as TNFα ([@bib0560]), Interleukin-1β ([@bib0440]), Interleukin-4 ([@bib0510]) and Interleukin-13 ([@bib0515]) or PGE2 ([@bib0730]). In the injured CNS microglia, the expression of NOX2 is increased followed by their hypersensitivity nature to the proinflammatory cytokines which eventually resulted in the higher ROS generation ([@bib0655]). Pawate et al., suggested that inhibition of the NOX2 in microglial cell line can suppress the expression of the pro-inflammatory cytokines such as TNFα, Interleukin-1β, and also attenuate the MAP kinase, and NFκB phosphorylation which is associated with the reduced ROS production ([@bib0535]). As in ischemic stroke, oxidative stress and ROS are the major players with respect to cellular damage in traumatic brain injury (TBI). In ischemic stroke and TBI models, gp91^phox^ (NOX2) expression was found to be increased whereas inflammation, oxidative stress, cellular damage, and secondary damage seem to be attenuated by NOX2 deletion ([@bib0680]; [@bib0735]). As TBI is a more direct injury than any other mechanism, superoxide injury is more dependent on NOX than any other signaling pathway. In another mechanism of oxidative injury in acute brain disease, NMDA receptor activation has been suggested to be responsible for ROS generation ([@bib0735]). In a previous study, mice with NOX2 deficiency in circulating blood cells but intact brain NOX2 and vice versa were subjected to strokes showing that mice with intact brain NOX2 but lacking circulating NOX2 had better functional outcomes than mice with intact circulating NOX2, but deficient brain NOX2 ([@bib0520], [@bib0525]; [@bib0530]).

Chronic inflammation and oxidative stress are related to the progression of most chronic CNS diseases in which the NOX enzyme family plays a pivotal role. NOX enzymes modulate the disease progression of chronic diseases like Alzheimer's disease (AD) Parkinson's disease (PD), and amyotrophic lateral sclerosis (ALS). In the astrocytes and microglia of the AD brain, NOX expression has been suggested to be increased by β-amyloid plaques ([@bib0090]; [@bib0135]; [@bib0435]). However, NOX was not found to have any direct relationship with the development of β-amyloid plaques or neurofibrillary tangles, which are important biomarkers of AD. The activation of NOX enzymes in AD is suggested to be by the phosphorylation of the p47^phox^ subunit and subsequent translocation to the membrane by β-amyloid plaques ([@bib0605]). Recently, it has been suggested that NOX derived ROS (mostly H~2~O~2~) in AD are the central regulator of the cholesterol oxidation product, 24-hydrocholesterol ([@bib0200]). 24-hydrocholesterol is considered to potentiate the Aβ mediated pro-apoptotic and pro-necrogenic effects in AD. Microglial NOX expression and ROS production have been observed in PD patients and animal models. Yet, neuroinflammation and oxidative stress were considered to be the root cause of dopaminergic neuron death and PD progression. Although studies regarding PD pathogenesis suggested that oxidative stress related to mitochondrial dysfunction (mitochondrial ROS production) are the leading cause of this disease and the role od NOX derived oxidative stress is still poorly understood. Hernan MS. et al., found that in 6-hydroxydopamine induced PD, higher membrane translocation of the NOX subunit p67phox which evident the involvement of NOX-derived ROS in PD pathogenesis ([@bib0270]). Rotenone induced higher activation of the NOX2 found to increase the accumulation of the alpha-synuclein aggregation elevating the alpha-synuclein toxicity, a well known hallmark of the PD ([@bib0490]). Excessive activation of the NOX2 by rotenone, increases the production of NOX2-induced ROS that impairs the autophagic flux by reducing the lysosomal activity. Autophagic flux is a crucial process for the clearance of the alpha-synuclein aggregates. In an another PD study, Zawada et al. reported that angiotensin II receptor (Ang II/AT1) levels were increased according to the disease condition in postmortem examination of pre-PD and PD patients' substantia nigra ([@bib0785]). They also suggested that elevated AT1 levels may activate NOX4, which may be the reason for substantia nigra neuronal death in PD, suggesting the role of NOX in PD development and progression. In the spinal cord microglia of animal ALS (a motor neuron disease) models, the expression of NOX2 mediates protein oxidation and modulates the neuronal insulin-like growth factor 1 (IGF-1)/Akt survival pathway to ameliorate neuronal damage ([@bib0150]; [@bib0760]). SOD1, a regulator of NOX, was also found at increased levels in familial ALS. Marden et al. showed that mice with G93A SOD1 mutation crossed with NOX1- and NOX2-null mice can increase the life span of NOX2-null mice over that of NOX1-null mice ([@bib0450]). Thus, the researchers suggested that NOX is one of the components of ALS pathology. In the prion (misfolded, aggregated prion protein) infected disease such as Creutzfeldt-Jakob disease (a transmissible spongiform encephalopathies), microglial NOX2 related excessive ROS production is the key player of pathogenesis of this disease. The authors found that in the ex-vivo cortical slices ablation of the microglial cells reduced the NOX2-derived ROS, and slower the disease pathogenesis and increse in the neuronal life span ([@bib0625]). In the early stages of the Huntington\'s disease (HD), accessive production of the NOX-derived (specially NOX2) ROS suggested to be a key player ([@bib0705]). In their study, the authors suggested that the level of ROS was increased with the higher NOX activity in HD^140Q/140Q^ (a model of HD mice) primary neurons and also the rise in the mitochondrial superoxide was depended with the rise in NOX activity. In chronic CNS diseases, NMDA excitotoxicity can activate NOX, which produces superoxide, and is also seen in acute CNS disease. The NOX-mediated ROS production via NMDA receptor overactivation may also be a major mechanism for chronic CNS disease development and progression. Thus, NOX inhibition and its subsequent effects have great potential as a target of therapeutic research in acute and chronic CNS diseases.

Pharmacological compounds to inhibit NOX enzymes {#sec0020}
================================================

Due to the potential role of NOX in the development and progression of CNS disorders, NOX inhibition is a possible target for the treatment of various CNS disease. In recent years, a number of chemical compounds with NOX-inhibitory properties have been studied in the treatment of acute and chronic CNS disease ([Fig. 1](#fig0005){ref-type="fig"}). The lower specificity, selectivity, and relative toxicities of these compounds impede their use in humans. However, there are a number of specific NOX inhibitors found to be safe, and safer alternatives are under development to be used in humans.Fig. 1Chemical structure of NOX inhibitors.Fig. 1

Diphenyleneiodonium (DPI) {#sec0025}
-------------------------

DPI, a well-known NOX inhibitor, inhibits superoxide production through flavoprotein inhibition ([Fig. 2](#fig0010){ref-type="fig"}B). As a flavoprotein inhibitor, DPI not only inhibits NOX but also other flavin-dependent enzymes such as nitric oxide synthase (NOS), xanthine oxidase, and NADH coenzyme Q reductase. In ischemic stroke, it is also suggested to protect the brain from stroke by directly suppressing cerebral immunological responses, maintaining blood-brain barrier (BBB) integrity. The extracellular matrix proteins MMP-2 and MMP-9 are known to disrupt the BBB. DPI administration in an animal stroke model led to a reduction in the inflammatory responses and ROS production, along with MMP-2 and MMP-9 expression, while also protecting tight-junction integrity ([@bib0460], [@bib0465]; [@bib0790]). In spinal cord injury, DPI also reduced lesion size, post-injury inflammation, and the rate of oligodendrocyte and oligodendrocyte precursor death ([@bib0095]; [@bib0255]; [@bib0320])Fig. 2Mode of inhibition of NOX. Apocynin, Nox2ds-tat and Eblesen block p47^Phox^ translocation to the membrane. DPI inhibit the NOX by flavoprotein inhibition.Fig. 2

Enhanced beta-amyloid toxicity caused by microglia in cortical and mesencephalic neurons (mixed culture) has been reduced by treatment with DPI ([@bib0555]). Beta-amyloid stimulated microglia release of ATP, which induces ROS production and eventually neuronal death that is primarily dependent on NOX2. DPI inhibits neuronal death by inhibiting NOX2 ROS generation and mitochondrial depolarization in beta-amyloid stimulated astrocytes and neurons ([@bib0010]). Bianca et al. also reported that DPI is capable of inhibiting H~2~O~2~ production induced by beta-amyloid in immune cells like the microglia, monocytes, and neutrophils ([@bib0080]). In Parkinson\'s disease, pretreatment with an ultra-low dose of DPI has been found to reduce progression of neurodegeneration via attenuating microglia-induced chronic neuroinflammation by inhibiting NOX ([@bib0725]). Along with inhibition of the microglia, pretreatment with DPI is also capable of inhibiting proinflammatory factors and α-synuclein aggregation. However, due to the inhibitory effect of DPI on many other metabolic pathway component flavoenzymes in vivo, clinical implementation of DPI has been limited ([@bib0305]).

Apocynin {#sec0030}
--------

Apocynin (4-hydroxy-3-methoxy-acetophenone), also known as acetovanillone, a naturally occurring organic compound of the root of Canadian hemp (*Apocynum cannabinum*) and *Picrorhiza kurroa*, is the most prominent NOX inhibitor widely used in the treatment of inflammatory diseases ([@bib0650]). The antioxidant and anti-inflammatory methoxy-substituted catechol, apocynin, can block NOX in both phagocytic and non-phagocytic cells ([@bib0795]), but does not interfere with the phagocytosis or intracellular killing performed by neutrophils ([@bib0640]). Apocynin does not block NOX directly, rather its inhibitory function involves myeloperoxidase (MPO), which was made evident by MPO deletion experiments. Together with hydrogen peroxide, MPO can facilitate the dimerization of the apocynin that oxidizes thiols in NOX. Thus, apocynin dimer blocks p47^phox^ from migrating to the membrane, hampering the formation of the enzyme complex, eventually inhibiting the release of superoxide ([Fig. 1](#fig0005){ref-type="fig"}A). However, in MPO deficient cells apocynin can act as a non-specific oxidative scavenger to ameliorate oxidative stress without NOX inhibition ([@bib0275]). Besides MPO, apocynin dimerization can also be catalyzed by other peroxidases such as horseradish peroxidase with successive NOX inhibition. On the other hand, supplementation with glutathione or cysteine as a source of thiols blocks the inhibitory function of apocynin. Thus, it has been suggested that to inhibit NOX activity, formation of the apocynin dimer is necessary ([@bib0710]).

Several research groups, including ours, have reported that apocynin treatment in ischemic stroke can reduce brain hemorrhage, lesion size, and restore neurological functions. The systemic delivery of apocynin has also been shown to penetrate the BBB and exert its function without any impairment ([@bib0670]). In our previous study, we reported that pre-treatment (prior to reperfusion) or post-treatment (1.5 h after ischemic stroke) with apocynin (2.5 mg/kg) successfully suppressed superoxide generation in the brain while reducing infarct size and restoring neurological function (Tang XN,Cairns B,Cairns N and Yenari MA, 2008). On the other hand, a higher dose of apocynin (3.75 and 5 mg/kg), tends to increase the damage after brain hemorrhage. Other research groups found that apocynin shows somewhat beneficiary effects at a higher dose of 40--50 mg/kg ([@bib0665]), and some along us found no effect apocynin using a dose of about 4 mg/kg ([@bib0330]). Thus, this non-specific dose range limits the therapeutic usage of apocynin. However, apocynin was found to be tolerable in single oral doses as high as 1000 mg/kg in normal mice ([@bib0500]). Interestingly, in our NOX2 deletion study, we found that the beneficial effect of apocynin was absent in NOX2-deficient mice subjected to stroke, which may suggest that the function of apocynin is specific to NOX2 ([@bib0680]).

The NOX inhibitor, apocynin, has been reported to have neuroprotective effects in different chronic CNS diseases. In *in vitro* beta-amyloid-treated primary neurons, apocynin increased cellular survivability by reducing expression of proinflammatory cytokines such as TNF-alpha and IL-1beta ([@bib0295]; [@bib0390]). Apocynin was also reported to attenuate the cytotoxic effect in familial AD. However, apocynin alone is not capable of reducing cytotoxicity, but rather functions in the presence of another NOX inhibitor, oxypurinol ([@bib0005]). Dumont et al. found that a higher dose of apocynin (300 mg/kg/day) in Tg19959 mice (hAPP695 with the London and Swedish mutations) did not affect AD plaque formation or microglial proliferation but reduced the protein carbonyl levels and increased Rac1 expression. However, a lower dose of apocynin (10 mg/kg/day) in hAPP (751)SL mice (neuron-specific expression of hAPP751 with the London and Swedish mutations) reduced the microglial number and plaque size ([@bib0430]). The above results suggest that apocynin at a lower dose could be a therapeutic alternative for AD ([@bib0610]). In the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model of PD, researchers found that apocynin is capable of blocking microglial and astroglial activation, along with expression of p91^phox^ in the substantia nigra ([@bib0210]). The oral dose of apocynin (100 mg/kg/day) improved the hand-eye coordination and also increased the substantial neuronal survivability to 8.5% indicating the blocking of the PD progression in MPTP mouse PD model ([@bib0545]). Like in AD and PD, apocynin has been found to be effective in the ALS animal models. In the SOD1^G93A^ transgenic mice model of ALS, apocynin blocked the oxidative stress and increased the life span compared to the wild type mice ([@bib0240]). Marchetto et al. showed that apocynin can reduce motor neuron loss caused by mutant SOD1 astrocytes in an in vitro co-culture ALS model ([@bib0445]). Prophylactic treatment of apocynin in SOD1^G93A^ transgenic mouse model of ALS exhibited an increase in the number of neurons in the spinal cord and life span prolonged by up to 50% ([@bib0240]). However, another research group suggested that apocynin or diapocynin has a somewhat limited benefit to SOD1^G93A^ mice ([@bib0690]). There is not much evidence of the therapeutic use of apocynin in humans except in a handful of studies in asthmatics patients who received nebulized apocynin ([@bib0635]). Further studies are needed to clarify the functional specificity of apocynin on NOX isomers and to determine a functional dose for therapeutic use.

Honokiol and plumbagin {#sec0035}
----------------------

Honokiol ((3′,5-di-(2-propenyl)-1,1′-biphenyl-2,2′-diol) and plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone), the plant quinoid, are natural bioactive NOX inhibitors derived from *Magnolia* spp. and the root of the *Plumbago zeylanica L* (also known as chitrak), respectively. In both *in vivo* and *in vitro* studies honokiol was found to be neuroprotective against lipid peroxidation and neutrophil infiltration, which is also accompanied by reduced ROS production ([@bib0405],[@bib0410]; [@bib0405],[@bib0410]). In cancer cell lines, honokiol increased cytosolic p47^phox^ accumulation and decreased membrane p22^phox^, resulting in the blocking of NOX1 activation ([@bib0550]). In stroke, honokiol also inhibits TNF-alpha-induced neutrophil infiltration of the injury core by inhibiting neutrophil adhesion to the cerebral endothelial cells ([@bib0120]). In spinal cord injury, honokiol attenuated proinflammatory cytokine expression, microglial activation, and neutrophil infiltration, eventually improving the functional outcome ([@bib0415]). Plumbagin is the only NOX inhibitor to date that interacts directly with a specific NOX homolog ([@bib0175]). Plumbagin inhibited the NOX activity in HEK293 and LN229 cells, two lines that only express NOX4 in a time- and dose-dependent manner. Superoxide production in NOX4 transfected cells is also blocked by plumbagin through its direct interaction with NOX4 ([@bib0175]). The mechanism of NOX4 inhibition is not well understood yet. However, Son et al. suggested that in an *in vitro* stroke model, plumbagin may activate the nuclear factor E2-related factor 2 (Nrf2)/antioxidant response element (ARE) pathway, which provides protection against oxidative and metabolic insults to neurons ([@bib0620]). They also suggested that plumbagin provides protection to neurons in focal ischemic injury. ROS production by NOX and NOX homolog expression in different cancers warrants NOX inhibitors function being referred to as anti-cancer. Due to its superoxide production blocking property, plumbagin has been suggested to have significant anti-cancer activity ([@bib0125]; [@bib0245]; [@bib0505]).

In AD mice, honokiol reduced ROS production, mitochondrial membrane potential, and increased hippocampal neuronal survivability, eventually reducing the beta amyloid-induced learning and memory impairment ([@bib0455]; [@bib0660]; [@bib0720]). The molecular mechanism by which honokiol counteracts the deleterious effect of beta amyloid in AD is still unknown. However, researchers have suggested that there are several combined neuroprotective effects including reduction of beta-amyloid-induced ROS production ([@bib0280]; [@bib0660]), attenuation of Ca^2+^ influx ([@bib0420]; [@bib0735]), and inhibition of caspase-3 ([@bib0280]). In the 6−OHDA-lesioned PD mouse model, honokiol modulated NOS signaling and showed both protective and therapeutic effects by protecting motor function and dopaminergic cellular viability ([@bib0115]). Treatment with plumbagin in the streptozotocin (STZ)-induced mouse AD model shows improvement of cognitive function in an Nrf2/ARE-dependent manner by suppressing astrogliosis and β-secretase enzyme function ([@bib0575]). Plumbagin inhibits NOX4, the dominant NOX homolog in vascular smooth muscle cells, explaining its anti-atherosclerotic effect.

Nox2ds-tat {#sec0040}
----------

To date, chimeric peptide NOX2ds-tat (NOX2 docking sequence-tat), formerly known as gp91ds-tat, is the most selective and effective NOX inhibitor and inhibits NOX in both *in vitro* and *in vivo* experiments ([@bib0570]). It is a chimeric 18-amino acid-containing peptide that was constructed from the sequence of gp91^phox^; a nine-amino acid NOX2ds-tat portion of NOX is designed to block the interaction of p47^phox^ with NOX2 and eventually block the formation of ROS ([Fig. 1](#fig0005){ref-type="fig"}A). NOX2ds-tat is linked with the HIV internalization peptide, HIVtat, for intercellular delivery ([@bib0570]). NOX1 shares the homology domain with NOX2 and presence of the organizer subunit p47^phox^ in NOX2, and also binding of the B-loop of NOX2 with the c-terminal dehydrogenase (DH) domain of NOX4 suggested that NOX2ds-tat might also block the ROS production by NOX1 and NOX4 ([@bib0045]; [@bib0290]; [@bib0570]). Kumar et al. suggested that NOX2ds-tat reduces oxidative neuronal damage and modifies the M1-/M2-like balance toward neuroprotection in TBI mainly regulated by NOX2 (Kumar A et al., 2016; Kumar A et al., 2016). In the rat spinal cord injury model, NOX2 inhibition by NOX2ds-tat blocked free radical formation and pro-inflammatory cytokine expression and also helped the functional recovery ([@bib0140]; [@bib0320]). Although NOX2ds-tat does not have any known test performed in stroke, it is known to inhibit oxidative stress that affects the cerebrovascular system ([@bib0520]).

In the primary neuron and astrocyte culture, beta amyloid-induced NMDA receptor excitotoxicity increased Ca^2+^ influx, ROS production, and cPLA~2~ and ERK1/2 and other downstream signaling has been reported to be blocked by the NOX2ds-tat ([@bib0040]; [@bib0250]). In transgenic Tg2576 AD mice, NOX2ds-tat improved neurovascular dysfunction and mitigates the behavioral deficits by reducing vascular and neuronal oxidative stress ([@bib0530]). Pal et al. showed that NOX2 da-tat can increase cellular protection by inhibiting rotenone-dependent apoptotic cell death and might be used for treating PD patients ([@bib0490]).

Serine protease inhibitors AEBSF {#sec0045}
--------------------------------

The serine protease enzyme, AEBSF (4-(2-aminoethyl)-benzenesulfonyl fluoride), also known as Pefabloc SC, is an irreversible serine protease inhibitor. AEBSF blocks the formation of the free oxygen radical by NOX in macrophages and in cell-free systems. In the process of NOX inhibition, AEBSF does not either interfere with electron transport or scavenge oxygen radicals but tends to effect NOX components present in the plasma membrane directly and by interrupting the binding of cytosolic components, p47^phox^ and p67^phox^ ([@bib0165]). AEBSF is water soluble and stable, and due to its binding preference can modify several proteins through highly preferential covalent attachment on tyrosine, and on lysine, histidine, and the amino-terminus to a lesser extent. There is another irreversible serine protease inhibitor referred to as tosylphenylalanychloromethane, which shares similar NOX inhibitory properties as AEBSF ([@bib0220]). AEBSF is reported to reduce allergic airway inflammation in allergic asthma, although there are no studies that tested serine protease inhibitors in acute CNS models. Citron et al. claimed that AEBSF is specific for amyloid beta proteins starting with aspartate 1 and capable of directly inhibiting methionine--aspartate (Met-Asp)-cleaving enzyme b-secretase ([@bib0130]). However, to date, there are no reports of the role of serine protease inhibitors in chronic CNS disease related to NOX.

Phenylarsine oxide (PAO) {#sec0050}
------------------------

The NOX isoform specificity of PAO has not been determined yet but it is known as a potent NOX2 inhibitor ([@bib0385]). PAO interacts with the vicinal cysteine residues and only the NOX2 isoform is suggested to have two neighboring cysteine residues (positions 368 and 370), which suggests PAO may have specificity for NOX2 ([@bib0185]). PAO inhibits NOX by inhibiting the building of the enzyme complex, suggesting that once NOX is formed, PAO can not inhibit its function. On the other hand, the inhibitory property of the PAO can be reversed by 2,3-dimercaptopropanol and not mercaptoethanol ([@bib0365]). PAO has been found to reduce ROS production by rat phagocytes, paw edema induced by carrageenan, and neutrophil infiltration after lipopolysaccharide inhalation ([@bib0580]). However, the relationship of NOX2 with these events has not been established yet.

PAO is suggested to be increase sAPPα shedding and decrease the take-up by exosomes containing toxic amyloid-beta oligomers ([@bib0540]; [@bib0595]). The specific function of soluble amyloid precursor protein α (sAPPα) is unknown, but the reduction of toxic amyloid-beta oligomers may decrease neuron-neuron transfer of AD. There are no studies examining the role of PAO in chronic CNS diseases, which requires exploration to increase the therapeutic possibilities for those diseases.

Gliotoxin (GT) {#sec0055}
--------------

The secondary metabolite, gliotoxin, is the sulfur-containing virulence factor of *Aspergillus fumigatus*. The mode of action of GT is by blocking p47^phox^ phosphorylation, its fusion with the cytoskeleton, and membrane translocation of p67^phox^, p47^phox^, and p40^phox^, and also reacting with thiol groups, which limits its specificity ([@bib0695]). Thus, GT also blocks NOX by blocking the assembly of NOX not through modulation of activated NOX. It also seems to react with thiol groups, thus limiting its specificity. The mycotoxin GT is suggested to kill microglia, astrocytes, and neurons via apoptosis, and can also block ROS production and phagocytosis ([@bib0155]). The above function of GT and its relationship with NOX has not been tested. To date, no studies appear to examine the therapeutic value of these compounds in acute and chronic CNS disease models.

Ebselen {#sec0060}
-------

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2 H)-one) is a synthetically produced organoselenium drug that is also known to inhibit NOX and is in clinical trials. The glutathione peroxidase-mimicking ebselen not only inhibits NOX but also a number of other enzymes such as lipoxygenases, nitric oxide synthases, protein kinase C, and Hz/Kz-ATPase; therefore, it is known as a non-specific NOX inhibitor ([@bib0145]). It can also react with peroxynitrite. Ebselen has been suggested to block the translocation of p47^phox^ and p67^phox^ to the plasma membrane in neutrophils ([@bib0615]) ([Fig. 1](#fig0005){ref-type="fig"}A). It is considered to have anti-oxidant, anti-inflammatory, and cytoprotective activity via preventing cellular damage by ROS. It is also reported to be cytoprotective in NMDA receptor-mediated excitotoxicity ([@bib0265]; [@bib0335]). For a couple of decades, ebselen has been used in ischemic stroke clinical trials. It was found to repress lipid peroxidation and expression of iNOS in the cerebral cortex of a rat stroke model ([@bib0645]; [@bib0780]). It is more effective in the earlier stages of stroke ([@bib0780]). To date, some centers in Japan use ebselen for the treatment of stroke and currently a multicenter phase 3 ebselen trial is ongoing ([www.strokecenter.org](http://www.strokecenter.org){#intr0005}). In spinal cord injury, ebselen is suggested to be neuroprotective via improving mitochondrial function and inhibiting mitochondrial apoptosis, which eventually reduces secondary injury ([@bib0300]; [@bib0310]). In a rat TBI model, ebselen improved neurological injury by reducing NO, which also involved the TLR4-mediated p38 MAPK signaling pathway ([@bib0745]).

In AD neurons and mouse brain, ebselen reduced the expression of APP and β-secretase, which reduced the accumulation of amyloid-beta and misallocated phosphorylated tau and tau phosphorylation at the Thr231, Ser396, and Ser404 positions ([@bib0770]). Treatment with ebselen in the STZ-induced mice AD model markedly reduced the number of apoptotic neurons by reducing oxidative stress ([@bib0700]). In LRRK2-linked PD, ebselen was found to have neuroprotective effects via reduction of superoxide and improving peroxidase function in dopaminergic neurons of drosophila ([@bib0020]).

VAS2870 {#sec0065}
-------

VAS2870 (3-benzyl-7-(2-benzoxazolyl)thio-1,2,3-triazolo\[4,5-d\]pyrimidine) is one of a few recent NOX inhibitors developed by the pharmaceutical industry ([@bib0685]). It was identified as a specific inhibitor of NOX2 by means of high-throughput screening. However, Kleinschnitz et al. suggested that VAS2870 is also capable of inhibiting NOX4 ([@bib0330]). Later, it appeared to be am inhibitor of all NOX isoforms, and not a general flavoprotein inhibitor nor ROS scavenger ([@bib0740]). VAS2879 appears to be a pan-NOX inhibitor. It has been found to inhibit phorbol-12-myristate 13-acetate-dependent NOX stimulation, which indicates that VAS2870 interacts downstream of the assembly process but not with p47^phox^ ([@bib0685]; [@bib0755]). In preclinical stroke experiments, VAS2870 has been shown to be neuroprotective against inhibition of NOX4 ([@bib0330]). A recent study suggested that VAS2870 alkylates cysteine thiol residues, as it was shown to have potential off-target effects. In bupivacaine-induced spinal neurotoxicity, VAS2870 was found to reverse all changes and attenuate all neuronal toxicity by inhibiting p47^phox^ membrane translocation ([@bib0400]). In uric acid-, indoxyl sulfate-, and methylguanidine-stimulated bulbospinal RVLM neurons, the oxidative stress-induced neurotoxicity has been suggested to be suppressed by the VAS2870 by inhibiting NOX2 and NOX4 ([@bib0480]).

HMGCoA reductase inhibitors {#sec0070}
---------------------------

HMGCoA (3-hydroxy-3-methyl-glutaryl-coenzyme A) reductase is a rate-limiting enzyme that is involved in the synthesis of cholesterol in the liver. There are several HMGCoA reductase inhibitors, such as pravastatin, fluvastatin, atorvastatin, simvastatin, and rosuvastatin, that are found as the mainstay of therapy for high LDL cholesterol, coronary disease, and stroke. Along with the HMGCoA reductase inhibitor (statins), angiotensin converting enzyme (ACE) inhibitors and angiotensin receptor-1 blockers (ARBs) can also indirectly inhibit NOX activity ([@bib0715]). All of the above clinically tested drugs have been shown to protect the brain from experimental stroke through different mechanisms. However, statins have been shown to exert their neuroprotective function in experimental stroke via their ability to upregulate endothelial nitric oxide synthase ([@bib0395]). All of these compounds, besides their lipid lowering capabilities, have been shown to act as anti-inflammatory agents, affect endothelial function, and modulate the coagulation cascade ([@bib0075]). However, whether this is directly due to NOX inhibition seems less likely, with these compounds acting as related immune targets.

Several studies have suggested the use of HMGCoA reductase inhibitors in the treatment of AD. The principle behind statins reducing the prevalence of AD is by lowering the build-up of brain cholesterol, eventually reducing amyloid beta aggregation ([@bib0425]). However, Sparks et al. and a few other studies have suggested that the use of statins would be less advised as statins may reduce the production of essential cholesterols in the AD patients, which may exacerbate AD degeneration and also adversely affect cognition in AD patients ([@bib0485]). The statins may modulate PD in several ways such as by inhibiting proinflammatory stimulation ([@bib0215]), upregulating eNOS ([@bib0195]), reducing NOX-mediated production of ROS through the inhibition of geranylgeranylation of Rac ([@bib0205]; [@bib0765]), and attenuating α-synuclein aggregation ([@bib0050]; [@bib0585]). On the other hand, studies have suggested that the long-term use of statins does not alter the relative risk of developing PD ([@bib0065]).

Conclusion {#sec0075}
==========

NOX appears to be an important player in CNS disorders, particularly as it is related to the generation of superoxide, which is the major modulator of acute and chronic CNS diseases. Several preclinical studies have reported that the inhibition of NOX improved neurological outcomes and reduced severity of brain injury in both acute and chronic cases. However, most of the available inhibitors may be non-specific with a relatively narrow therapeutic window that warrants greater investigation of NOX inhibitors and studies to develop safe and selective drugs for the treatment of clinical CNS diseases. It is also very important to study the complications and adverse effects of the available NOX inhibitors and the difference in benefits among them as well. Furthermore, with the knowledge that the facts of the role of various NOX isoforms is rapidly increasing, such facts could also drive the development of appropriate therapies as well.
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